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ABSTRACT
ELIZABETH KELTY JONES: The Effects of Neighboring Bases on PdC
Fluorescence in Single-Stranded and Double-Stranded DNA
(under the direction of Dr. Randy Wadkins)

To examine the dsDNA to ssDNA equilibrium in the context of a functional piece
of DNA, we use the simple case of the hairpin/cmciform structure formed in the
terminator of the beta-galactosidase gene in the cloning vector pBR322. The scheme for
constructing the PdC-plasmids utilizes restriction nucleases. The pBR322 is first mutated
in two locations(3175 and 3285)on the same strand of DNA using a PCR-based process.
These locations flank the known cruciform extrusion site. The mutated plasmid is then
digested by the nicking enzyme Nb.BbvCI, which introduces two cut sites on the same
strand of the DNA. Next, a 200-fold excess of a synthetic oligonucleotide of identical
sequence to the 113 bp fragment but containing PdC is mixed with the sample, followed
by treatment with T4 ligase. The remaining closed circular DNA is then treated with
DNA gyrase to introduce supercoils into the plasmid. The supercoiled DNA containing
the PdC insert is purified from a 1% agaros gel. To examine whether the PdC is paired or
unpaired in the structure, we chose 5 dC residues for replacement with PdC. Two of
these(3195 and 3281)are in the interior of the plasmid sequence and are not cleaved by
single strand nucleases. In contrast, we use three other locations to probe hairpin
conformation. Both position 3219 and 3222 are strongly cleaved by single strand
nucleases while 3216 is weakly cleaved. These correspond to the loop and stem of one
hairpin of the cruciform. We then used steady-state fluorescence -detected circular
dichroism to study the effects of sequence location of the properties of PdC. Our data
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indicate that there are substantial spectral differences in regions ofthe DNA that are
single-stranded compared to double-stranded.
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I. Introduction
It is clear that different forms of DNA play unique roles in biological processes
such as transcription and translation. Secondary structures are far more advanced than
the structure of DNA first proposed by Watson and Crick. Secondary structures include
hairpins, cruciforms, and quadruplexes (1). Hairpins are the simplest secondary
structures that form because of stem-loop intramolecular base pairing. Cruciform
structures ai'e cross-like structures that can occur when inverted base pairs repeat on the
same strand of DNA. Quadruplexes are the most complex secondary structure that forms
in G-rich areas of DNA. Secondary structures are widespread in the genomes of both
eukaryotes and prokaryotes (2).
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Figure 1: The abovefigure depicts the secondary structures a hairpin on the left, a
cruciform in the middle, and a quadruplex, specifically a G-quadruplex on the right.
The hairpin is the simplestform, the cruciform is the next complex, and the
quadruplex is the most complex secondary structure.
Thefigures were takenfrom www.siumed.edu/.../imases/Lehninser/imsOSb.sif and
phobos.ramapo.edu/~pbagga/cur_res.html, with permission.
DNA Secondary Structures (Alternative Structures)
Secondary structures ai’e known to form in regulatory regions of genes, such as
promoters, enhancers, or terminators, and are also present during repIication(3). They
have biological importance for example, hairpins form high-affinity binding sites for
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drugs, including the anti-tumor drug Actinomycin D(4-8). Quadruplexes are found at
the termini of chromosomes and are thought to play a role in the stabilization of telomeric
DNA and its binding to the enzyme telomerase(9,10). Agents that target telomeric
quadruplexes are thought to be potential anti-tumor agents(l 1,12). Quadruplexes have
also been identified in promoters of specific genes, such as c-myc(13-15), and agents that
bind quadruplex DNA can affect transcription of genes regulated by these promoters.
Therefore, understanding secondary structures of DNA may allow development of drugs
that target these sites.

Examples ofthe Importance ofthe ssDNA and dsDNA equilibrium
Very little is known at the molecular level how double-stranded DNA opens and
forms diverse secondary structures, or how these regions of DNA can then be recognized
by proteins. It is clear that secondary structures rely on the energetics between the
double-stranded DNA(dsDNA)and the single-stranded DNA (ssDNA)equilibrium
because all secondary structures are formed from ssDNA. Further study of the
equilibrium between the dsDNA and ssDNA will likely generate a better understanding
of how secondary structures form.
The equilibrium between single and double-stranded DNA is now regarded as
important for understanding biochemical pathways, primarily transcription. Regulation
of ssDNA is caused by the interaction of specific proteins and ssDNA (16). For example.
SI single-stranded nuclease cleaved DNA upstream from chicken globin genes(17).
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Very stable hairpin structures were subsequently found to form in these regions when
polypurine sequences are present (18-21).
As another example, in protozoans it was found that a single-stranded DNA
nuclease from mung bean exerted a genease activity, where entire genes are cut from the
DNA(23-25). Rarely did the removal of complete genes by mung bean nuclease result in
cuts in introns. Thus, single-stranded DNA is found in gene regulatory regions, but not in
the coding regions genes. Further study of the role of single-stranded DNA and gene
expression should provide additional insight into transcription and translation in both
prokaryotes and eukaryotes.
The ssDNA binding proteins have shown to be vital as transcription factors in
eukaryotic genes, including p-casein(26), human platelet-derived growth factor(27),
epidermal growth factor(28), and the proto-oncogene c-myc(29). Many of these bind
directly to quadruplex DNA that are known to be present in promoters of these genes(16).
As an example, the c-myc gene contains the most well known quadruplex. The
c-myc gene produces a transcription factor that, when over-expressed or mutated, results
in unregulated cell growth. Consequently, an uncontrolled c-myc gene can cause
malignant cancer. In human c-myc genes, upstream binding at two loci by FUSE-binding
protein (far upstream element) and heterogeneous nuclear ribonucleoprotein k(hnRNPK)
results in transcription of c-myc (29,30). Single-stranded DNA was found in the
promoter region of active c-myc, but was not present in the promoter region of inactive cmyc. This is likely in the quadruplex form.
Genes other than c-myc are also known to have quadruplex DNA in their
promoters(16,28). Protein recognition of ssDNA may be a fundamental process for
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controlling transcription, and very likely other cellular processes such as replication and
recombination.

Further, these studies indicate that a cascade of protein-ssDNA

interactions may work together-for example, binding to ssDNA in upstream regions may
produce ssDNA within promoter regions for recognition by a different group of
proteins(l).
While it is important to understand secondary structures it is foremost necessary
to understand the equilibrium between ssDNA and dsDNA. The structure and energetics
behind ssDNA to dsDNA equilibrium are currently unknown and was the primary
purpose of the research being presented.

Pvrollo Deoxvcitidine(PdC)as a Probe ofDNA Secondary Structures
In order for secondary structures to form, the dsDNA must be melted and folded
ssDNA back onto itself. Recently, a method for examining such melting of DNA has
been created. Pyrollo deoxycitidine (PdC),(Fig 2.) is a cytidine analog that is inserted
into DNA in order to study DNA properties by fluorescence. Previously, PdC has most
commonly been used in studying dsDNA or DNA RNA hybrids, but we have extended
the use of PdC in single stranded DNA and it has proven successful in distinguishing
between dsDNA and ssDNA.
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Figure 2. The above is the PdC molecule base paired with its complementary guanine.

PdC is beneficial for two reasons. First, it behaves quite similarly to the natural
base deoxycitidine by hydrogen bonding to guanine without disruption of the normal
DNA structure. Second, it also is a fluorophore, which can be used to gather
fluorescence lifetimes, emission, and excitation of PdC in these secondary structures (31).
It is possible to incorporate PdC into specific positions of large DNA sequences
such as pBR322 to substitute dC. The pBR322 is a commonly used plasmid cloning
vector. In this experiment, it is double mutated on the same strand, which allows Nb.
BbvCl endonuclease, a nicking enzyme, to digest it. The pBR322 is an important DNA
plasmid, because when it is put under super-helical stress, it forms a cruciform structure.
If there is no stress, then the structure is a DNA plasmid in the circular form. The
plasmid is also contains the terminator region of the P-lactamase gene, which form
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unusual ssDNA structures. The region that was studied can be seen in figure 3 at the end
of the ampicillin resistance.

BamHi

.Sail

Tetracycline
resistance

Figure 3: The abovefigure is an example
of the pBR322 and the area that was put
under superhelical stress toform the
cruciform was the area located at the end
of the Ampicillin resistance segment.

To measure the effects of superhelical stress on crueiform formation in this
terminator region, PdC containing oligonucleotides were designed where PdC substitutes
the deoxycytidine at the 3195, 3216, 3219, 3222, and 3281 locations. This sequence can
than be ligated into plaee between the nicks made by Nb.BbvCI. The whole scheme is
outlined in Fig 4.
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Figure 4; This diagram shows
where the PdC oligos were
inserted into the cruciform.
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The positions at 3219 and 3222 are single-stranded regions of the DNA and are
predicted to have different spectral properties than the double-stranded regions. Two of
the PdC oligos, 3195 and 3281, are in the interior of the plasmid sequence away from the
cruciform. In contrast, we use three other locations to probe the cruciform conformation.
Both 3219 and 3222 are strongly cleaved by single strand nucleases, while 3216 is
weakly cleaved. These correspond to the loop and stem of one hairpin of the cruciform.
Before examining the pBR322 plasmid DNA,it was important to study the
oligonucleotides that comprised the terminator. The spectral properties of doublestranded and single-stranded oligonucleotide DNA,containing PdC at these positions,
were studied. In order to know whether or not these methods will work on a cruciform or
quadruplex structure, it is important to first understand the principles simply in “regular
DNA alone, unaffected by supercoiling.
Below is the 113 base DNA strand with the X depicting the PdC insert. Each
substitution will be used to analyze the effects that the neighboring bases have on the
lifetimes and emission and excitation shifts. The PdC complementary strand is the same
for all strands.

1

PdC3195;
5'pTGAGGTTAAGGGATTTTGGTXATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAA
AAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGGC-3'

PdC3216:
5'pTGAGGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATXTTCACCTAGATCCTTTTAAATTAA
AAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGGC -3'

PdC3219
5'pTGAGGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTXACCTAGATCCTTTTAAATTAA
AAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGGC
-3'

PdC3222
5'pTGAGGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACXTAGATCCTTTTAAATTAA
AAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGGC
-3'

PdC3281:
5'pTGAGGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAA
AAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAAXTTGGGC-3'
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PdC_comp:

5'GCCCAAGTTTACTCATATATACTTTAGATTGAnTAAAACTTCATmTAATTTAAAAGGATCTAGGT
GAAGATCCTTI I I GATAATCTCATGACCAAAA
TCCCTTAACCTCA-3'

Frequency-Domain Fluorescence
In order to study the effect of the local sequence on PdC spectral properties, both
single-stranded and double-stranded oligonucleotide DNA were studied by fluorescence
spectroscopy. Fluorescence spectroscopy allows the exploration of the structure of
nucleic acids, as well as the effects of solution conditions on the DNA structure both in
vivo and in vitro (1).
Steady-state and time-resolved fluorescence are specific types of spectroscopy.
Time-resolved fluorescence can reveal details about interactions of the fluorophore, in
this case the PdC oligo, with its environment (2). This method is used to detect the
difference between single-stranded and double stranded DNA by measuring the lifetimes
of PdC (2). It is essential to know the difference between the properties of singlestranded and double-stranded DNA to detect cruciform formation in later experiments.
Another method of determining differences between the single-stranded and
double- stranded form of DNA is to measure the emission and excitation spectra of both
forms. It is usually easy to distinguish the spectra from fluorophores bound to proteins,
membranes, nucleic acids, and to even more complex macromolecules by shifts in
wavelengths or intensities (4).
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The method we use is known as frequency-domain fluorometry. The frequencydomain fluorescence uses an intensity-modulated light source. The modulation
frequency, F=co/27t is varied over 20-200 MHz.
Frequency-domain fluorometry is an important method when studying biological
molecules because it can provide information regarding their specific size, shape, and its
closeness with neighboring molecules. In the specific case of DNA,it will allow
examination of the inserted PdC oligo and tell us whether or not it is single- stranded or
double-stranded.
In the frequency domain method, a continuous light source is used, and modulated
sinusoidally at high frequency as seen in figure 5.

c/3

a

(D

time
Figure 5: The abovefigure depicts the intensity oflight
(sinusoidal graph at high frequency.)

time

The excitation frequency is given by E(t)=Eo[l -i- Me sin cot]. E(t) and Eo are intensities
at time t and o. Me is the modulation factor which is related to the ratio and (o is the
angular modulation frequency.
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Frequency-domain modulation is used to measure two different parameters at the
simulatenously. In figure 6 one can see the multifrequency phase and modulation data,
which is how the two values are presented on the fluorometer. The modulation ratio
starts at one. As the difference between the excited and emitted state begin to differ, the
modulation ratio starts to drop to zero. The phase delay starts near zero (it can only be
exactly zero when the lifetime is 0.0 ns) and increases to a maximum of 90°.

IjO

a>

Time
Figure 6: Thefigure depicts how the phase delay, 0, is calculatedfrom the
modulation of emission and excitation. Image isfrom the official ISS website,
http://www.iss.com/resources/tech I/index,html and used with permission.
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Figure 7; The above graph depicts the measurement of the lifetime value. The
value is found by fitting the exponentials of both the phase delay and the modulation
ratio.

Lifetimes

Contribution

(ns)

S

Taul

1.47

±0.05

fl

0.604

±0.02

Tau2

8.36

±0.4

F2

0.479

±0.01

The above shows the results from figure 7. The two ifetimes are shown and the
fractional value which should sum to one.
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Due to the long excited state, fluorophores exposed to excitation will give an
emission which is shifted in phase relative to the excited state. The phase delay is the
difference between the excitation and emission amplitudes. Additionally, the equation
tan 0= cox allows for the determination of the lifetime value, along with the equation M =
1 / [1 +((dt)2]1/2, which is the modulation ratio calculation.
The phase shift and modulation ratio with respect to the excitation can be
measured directly (34). Using modulation frequencies up to 250 MHz,in theory the
lowest possible lifetime is roughly 2 pico seconds. However,in practice it is hard to
measure lifetimes less than 0.5 ns. The exact procedure performed with this instrument
will be discussed further in the methods section of this paper.
'Relationship ofFluorescence Lifetime to DNA Structures

^1^
Fig. 8: General techniquefor using PdC to probefor secondary structures. Fully
duplex DNA has a shorter lifetime (tj)due to quenching ofPdC by its corresponding
dG. Upon separation ofstrands, the PdC has a longerfluorescence lifetime (T2), which
is also manifested as a higher quantum yield.

The differences between the lifetimes of ssDNA and dsDNA are important. Since
the fluorescence of duplex DNA has been quenched, it has a shorter lifetime (1).
Incorporated PdC is very sensitive to the state of base pairing, such that even an unpaired
base directly next to a paired base can be differentiated via fluorescence lifetime
measurements.
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The task of this experiment was to determine how the sequence of DNA affects
the fluorescence of PdC when it is located in five positions in the DNA. The only
difference in the measurements made is the position of the PdC in a 113 bp DNA strand.
These are known to be idealized conditions, meaning there are no secondary structures
introduced to the DNA strand. The only functions changing are the location of the PdC
in the DNA strand and whether the DNA is ssDNA or dsDNA.
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II. Methods
Absorbance Spectroscopy
Absorbance spectroscopy is an important method for determining the
concentration of a substance by using the measured absorbance spectrum. A necessary
beginning for any experiment is to quantify the amount of materials. The first step was to
use a three sided cuvette and measure the absorbance of each of the PdC oligos. The
process was done by diluting the samples with Tris EDTA (TE)buffer, which has a pH of
8, in order to get a concentration of DNA that would allow the use of the Beer Lambert
Law formula, A=sbc, where A is absorbance,8 is molar absorptivity, b is path length, and
c is concentration). The molar absorptivity value in this experiment was 1.29x10^ pL M'
cm ', and the PdC complementary strand had a value of 1.22x10^ pL M’'cm''. The
values were provided by the manufacturer of these molecules.
Absorbance of DNA is measured at 260nm. This is the point where DNA absorbs
the most light. The method of using the absorbance graphs to find the necessary
components to calculate the concentration is quite simple. On the y-axis of the spectmm
is absorbance and the x-axis is the wavelength measured in nanometers. Absorbance is
found by locating the absorbance at 260 nm on the x-axis.. Next, the TE or blank sample
must be subtracted in order to assure that it is not counted in the absorbance. The
absorbance of the five single- stranded oligos and the concentration that was calculated
for each using Beer’s Law is located in Table 1.
In the experiment, the x-axis was scanned to 220-400nm. The temperature was
first set at 65°C to 70°C, but this proved to be too hot, resulting in evaporation of the
sample. The temperature was then reduced to 25°C, which gives the relative
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concentration of each olilgonucleotide. If the results of the absorbance spectra showed
no peak at 260nm, then this would result in a un- pure substance that would not be viable
I

in further tests.

;1

PdC

A260

3195

Concentration

0.250

204pM
I

3216

0.125

102pM

3219

0.0713

58pM

3222

0.0143

ll^iM

3281

0.096

83^M

Table 1: This table shows the results of the absorbance ofthefive PdC oligos which
allows determination ofconcentration.
The data in table 1 allows us to understand that the 3222 and 3219 oligos have
extremely low concentrations and that less of the other oligos will have to be used in
order to obtain similar concentrations. The higher the concentration of a substance, the
more absorbing molecules there are in the light path. After these results were obtained,
enough TE was added in order to make samples with similar concentrations, high enough
to get a signal on the multifrequency flourometer, and to obtain lifetimes, emission, and
excitation spectra.
Fluorescence Lifetimes
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Fluorescence Lifetime was the next technique that was used. A multifrequency
fluorometer was used to collect the data. The phase delay and demodulation of the
fluorescence signal of a fluorescent molecule are measured with respect to the reference
substance (2). The reference that was used was a scattering solution of glycogen particles
mixed with pure water, which has a lifetime of 0.0 nsec. The experiment was tried using
the controls Dimethyl POPOP, l,4-Bis(4-Methyl-5-phenyloxazol-2-yl)benzene
(lifetime 1.45ns) and Rhodamine 6G (lifetime 3.89ns). The lifetimes obtained agreed
with literature values.
The next step was to put 130pL of the sample in a three-sided cuvette. The
sample and reference solutions were then placed on a rotating sample holder within the
multifrequency fluorometer. The photomultiplier tube(PMT)detects both the
fluorescence from the sample and the fluorescence scattering from the reference. The
signal from the sample and the signal from the reference are measured relative to the
phase and modulation of the incident light beam.
In order to create the modulation, a Pockels cell was used. This is able to
modulate the exciting light one frequency at a time. In the experiment, the modulation
was set to start at 10 MegaHz(MHz)and stop at 200 MHz,over a range twenty
frequencies. This method changes the excitation modulation frequency. The phase delay
begins to increase at higher frequencies, until the twenty frequencies are obtained.
The phase(O)and modulation(m)are the two most important parts of obtaining
the lifetime values. The O values are the phase angles of the individual fluorophores (2).
An aspect of lifetime measurement is also the /, which are the fractional intensities of
each component in the steady state emission (32).
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To assess the accuracy of the data fitting, a goodness to fit measure, the

value.

was taken into account. The lower the value, the better the curve fit. The chi-square
value is calculated from the equation x“= {[(Pc-Pm/o^^]+(Mc-Mm)/o^]/(2n-f-l), where
P and M are the phase and modulation, c and m are the calculated and measured values
and

and a

M

refer to the standard deviations of the phase and modulation

measurements, n is the number of modulation frequencies and f is the number of free
parameters. This value is in the far right column of the results (Table 2).
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Emission and Excitation Spectra
Other important parameters obtained with the same instrument are emission and
excitation spectra of the single-stranded and double-stranded DNA. Fluorescence
emission is a random event that can occur immediately after light absorption. The broad
definition of emission is when a photon of light is emitted upon the return of a molecule
to its ground state. A fluorescence emission spectrum is a plot of the fluorescence
intensity versus wavelength (nm)(32). The excitation of a molecule is a spontaneous
process and the molecule stays in the excited state for its lifetime.
The emission spectrum is independent from the excitation wavelength because
although the fluorophore may be excited into different singlet state energy levels rapid
changes occur and emission takes place from the lowest vibrational level of the first
excited state. In order to understand emission and excitation values, the Stokes’ Shift
must be understood. A shift to lower wavelength of the emission compared to the
absorption is observed (32). Solvent effects and excited state reactions can cause further
Stokes’ shifts. Normally, the fluorescence emission spectrum and absorption spectrum
are mirror images of each other. The mirror image idea is due to the spacings of the
energy levels in the ground state and first excited states similarity. The Jablonski
diagram, which describes this process, can be seen in figure 9.
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Figure 9: The diagram above is a generalized outline of the Jablonski diagram.
Some of the energy of absorbed light is channeled into other absorbing substances.
The remaining energy is re-emitted as a photon of lower energy, longer
wavelength.

The emission and excitation were obtained using the multifrequency fluorometer
that was used to collect the lifetime values, except that it was configured for steady-state
analysis. The dichroic mirror, which directs light through the Pockels cell, was pushed
back when collecting the emission and excitation. The excitation wavelength of the
samples was approximately 350nm and the emission wavelength was approximately 460
nm. The intensity was on the y-axis while the wavelength was on the x-axis, measured in
nm. The same concentration of each oligos(lOpM) was used for the emission and
excitation spectra.
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Results:
The results in Table 2 are the lifetime values of the single-stranded and double
stranded oligos, and are followed by the emission and excitation spectra. The emission
and excitation are plotted for all single-strands together in order to establish the
differences between the interactions of neighboring bases.
Lifetime Results
Oligo

fl

f2

T1

t2

X" value

PdC3195
ssDNA

0.5681

0.3280

1.442

7.129

7.993

PdC3195
dsDNA

0.4015

0.5653

0.915

4.821

10.45

PdC3216
ssDNA

0.2458

0.6316

0.376

2.341

11.89

PdC 3216
dsDNA

0.3844

0.5936

0.264

3.215

11.95

PdC3219
ssDNA

0.30814

0.6909

0.696

5.226

5.42

PdC3219
dsDNA

0.2832

0.6387

0.180

3.382

19.07

PdC3222
ssDNA

0.3444

0.6627

1.499

9.917

22.11

PdC3222
dsDNA

0.3423

0.6021

1.238

8.484

8.63

PdC 3281
ssDNA

0.4216

0.6518

1.811

8.818

9.67

PdC 3281
dsDNA

0.5781

0.3880

1.225

5.479

7.78

Table 2: Resultsfrom lifetime measurements. As seen the valuesfor the double stranded
oligos are less than thosefor the single stranded, as was predicted. Analysis of the results
can befound in the discussion.
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In table 2 the results for all of the lifetimes are seen. The values for the PdC3216
are drastically lower than all other oligos. Also, all of the single-stranded lifetimes are
greater than the double-stranded except for PdC3216. The first and second lifetimes
remain relatively consistent throughout all of the PdC oligos.

PdC3216 ss ex
PdC32l6 dup ex

1
pdc3216

1.20

1.00

5»

0.80

£

0.60

8
0.40

8
0.20

0.00

-0.20
300

320

340

360

380

400

420

wavelength (nm)

Figure 10: The figure shows the excitation of both ssPdC3216 and dsPdC3216.
Compared to the excitation of PdC3222 the ssPdC3216 and dsPdC3216 does not
have any differences between the two excitation graphs. Therefore, it requires similar
energies to get to the excited state.
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Figure 12: This depicts the single and double stranded PdC3216 emission spectra. As
can be seen there is little difference between the two graphs.
The emission of both the ssPdC3216 and dsPdC3216 is plotted in figure 12.
There is no difference between the emission of the single-and double-stranded DNA.

Figure 8: The above is a plot of both single and double stranded excitation spectra
for the PdC3222 oligo.
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The fluorescence PdC3222 is quenched upon going from ssDNA to dsDNA (Fig.
8). However, the structure and maxima for fluorescence excitation of PdC3222 does
show effects due to duplex formation. The normalized excitation from both the ssDNA
and dsDNA are shown in figure 8, and the dsDNA is shifted to longer wavelengths than
the ssDNA.

d0c3281 ds ox
pdc3281 ss ex

1

Pdc328l Excitation
1.20

T

1.00

\
5K

0.80

\

E

8

0.60

3

0.40

\
V

\
V

0.20

0.00
300

320

X

X

340

360

380

400

wavelength (nm)

Figure 10: The above graph depicts the excitation of both the single and double stranded
PdC3281 oligos. There is a slight difference observed, but the only change is adding the
complementary strand.
The fluorescence in figure 10 is quenched upon going to the double-stranded
form. The normalized excitation for PdC3281 is shown in figure 10. The doublestranded DNA is shifted to the right, meaning it has a longer wavelength.
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Figure 1 1: The above is the excitation of every single-stranded oligo. The graph is an easy
way to observe the differences between the positions in the DNA.
The excitation of every single-stranded oligo is shown in figure 11. PdC3222 and
PdC3195 are shifted to the right. PdC3281 is shifted the most to the left out of all of the
oligos. In figure 1 1 the graph is normalized.
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Figure 13: The above graph is the depiction of all single-stranded
emission spectra.

The emission of all the single-stranded oligos can be seen in figure 13. The
PdC3216 is shifted towards the right on the graph. In comparison PdC3195 is shifted
farthest to the left on the graph. The data have been normalized.
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III. Discussion
As previously stated, the predicted outcome was reduced lifetimes for the doublestranded form because of the quenching. Other than the effect of hydrogen bonding to
the guanine, the method of quenching is not known. One possible explanation is excited
state proton transfer. The spectral effect of incorporating a PdC into a dinucleotide or
trinucleotide depends upon the identity of the other bases in the molecule (32).
In the results in Table 2, which give the lifetime values, the outliers are the
PdC3216 and PdC3219, with PdC3216 having lower lifetimes than the rest of the values.
It can be seen in the 113 base strand of DNA that PdC3216 contains thymine stacking
toward the 3’ end of the DNA, while PdC3219 contains thymine stacking toward the 5’
end. If the thymine is the cause of the lower lifetimes then it is most likely due to the
methyl group that thymine has, which is located in the major groove. Potentially, water
is repelled from this site, which might result in stronger hydrogen bonding between PdC
and guanine, quenching fluorescence.
In the PdC3195, PdC3219, and PdC3281,the PdC was inserted between a T to A
step, while the PdC for 3216 was between two T’s, and the PdC for 3222 was between a
C and T. The lifetime values for both PdC3195 and PdC3281 are as predicted for both
the single- stranded and double-stranded DNA,whereas the value for PdC3219 is
drastically lower than the other lifetime values. In a previous paper that tested only
dinucleotides and trinucleotides, it was observed that the only time two lifetimes
appeared was when there were two G’s on both sides of the Pyrollocytidine (32). The
paper also showed that the quenching of Pyrollocytidine increased by 30% when guanine
was present in the trinucleotide. In comparison to our experiment, in the five strands of
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DNA,the closest G stacking is two bases away from the inserted pyrollo deoxcitidine.
The effect of the guanine in the DNA strand on the fluorescence is thus not as important
to consider as it is in dinucleotides and trinucleotides. Also, interestingly, the singlestranded and double-stranded PdC3222 had the longest lifetime values. After observation
of the PdC3222 strand, one can conclude that the PdC is the farthest away from guanine
stacking. It was eight base pairs away, whereas, the rest of the PdC’s were five bases
away from the guanine stacking. This suggests that a dG within a five base pair distance
greatly affects the fluorescence of PdC.
The predicted outcome for the double-stranded form of the DNA was observed.
except in the PdC3216 second lifetime (12). The second lifetime for PdC3216 was
greater for the duplex form than for the single-stranded form. From previous literature.
that the helix structure is quenched by the addition of the complementary strand, which
allows PdC to hydrogen bond with guanine. One reason that the PdC3216 duplex was
greater than the single-stranded PdC3216 was the only one of the five oligos where the
PdC was in between two bases that were the same, in this case thymine. As stated
previously, the PdC in 3216 was in between two thymines and it also had the lowest
lifetime values of all the oligos.
The excited state is lower in energy, producing a longer wavelength. The
PdC3222 excitation of both the single and double-stranded oligos showed that the
double-stranded required less energy to get to the excited state than the single-stranded
form. The single-stranded had its maximum excitation value at 365nm while the doublestranded form has its maximum value at 375nm. The binding of the complementary
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strand does not cause much change to the amount of energy required for the oligo to
reach the excited state.
In the comparison of all single-stranded excitation spectra, it can be deduced that
the neighboring bases did indeed affect the excitation. First, the oligo which has the
maximum wavelength for its excitation is the PdC3222. The PdC for the strand is
between a C and a T. The next base pairs on both the 5’ and 3’ ends are adenines. It was
expected that PdC3216 would have shifted the most toward a higher wavelength because
it had the lowest lifetime value, which is equivalent to a lower energy. However,the
PdC3216 does not have the highest maximum wavelength, meaning that it does not
require the lowest energy to get from the ground state to the excited state. Oddly enough
the oligo with the largest lifetimes, spent the most time in the excited state, was PdC3222,
which requires the least energy to get to the excited state, as shown by the graph of all of
the spectra.
The emission spectra of all the oligos are more consistent with the lifetime values.
The lowest maximum wavelength is the PdC3222, which has the highest lifetime
measurements. This oligo has two pyrimidines on either side of PdC,in both the 3’ and
5’ directions, and the bases next to these are two purines on both sides. The PdC3216
releases the least energy to go from the excited state to the ground state, which is
consistent with previous results that the thymine stacking toward the 3’ end causes
quenching, shortening the lifetime, while also lowering the energy it takes to emit a
fluorophore in the PdC. Also, the other oligo that requires less energy to get from the
excited state to the ground state is the PdC3219, which is apparent from the emission
spectra. All of the results indicate that the surrounding bases are affecting both the
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ground state and the excited state of the DNA strands. The only difference between
strands is the position of the PdC. The conclusion is that the bases near the PdC affect
the fluorescence of all of the oligos.
In the excitation spectra of the single and double-stranded PdC3281,there are
noticeable differences. The single-stranded 3281 has a peak at 355nm while the doublestranded 3281 peaks at 365nm. Relating the equation E=hc/X shows that the doublestranded PdC3281 \ requires less energy to move from the ground state to the excited
state than the single-stranded. Another way of stating the phenomenon is the maximum
has redshifted from 355nm to 365nm. The immediate bases next to the PdC are three
adenines in the 5’direction and two thymines in the 3’ direction. Possible explanations of
the require lower energy include that the complementary base forms in the duplex it is
quenched, or that the three thymines that base pair with the adenines require less energy
to get from the excited state to the ground state. Both graphs appear symmetrical.
From the lifetime results, which show how long the oligos remained in the excited
state, and the emission and excitation, which underlie how much energy is required to
move these oligos to the excited state or back to the ground state, it is evident that
thymine stacking effects both of these properties. Possible explanations for this are based
around the methyl groups in both thymidine and PdC. Thymidine contains a methyl
group in themajor groove of DNA. PdC also has a methyl group, which could possibly
cause some interactions that may result in the curving of the DNA affecting its
fluorescence lifetime.
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Future ofProject
The following techniques were done in order to obtain supercoiled DNA for
further studying the lifetimes, emission, and excitation spectra. If time had prevailed the
techniques reviewed below would have been completed and more lifetime results and
emission and excitation would have been collected and analyzed.

Bacterial Transformation
Bacterial transformation is another technique that was used in this experiment. A
bacterial transformation takes place when bacteria take up fragments of DNA from an
external medium. This constitutes a way in which bacteria can exchange genetic
material. In transformation, isolated pieces of external DNA (usually plasmids) are taken
up by a cell through the cell wall and plasma membrane (33).
This experiment was performed using a heat pulse method of transformation. The
bacteria undergoes periods of being cooled and heated. Initially, SOC was separated into
two vials, each containing 0.9 ml. SOC is a nutrient broth that is made from SOB. SOB
was made using 20.0 g tryptone, 5.0 g yeast extract, and 0.5 g sodium chloride. In order
to make SOC,20 ml of a sterile solution of dextrose was added to the SOB. This
medium provides the bacteria with nitrogen and growth factors that allow for it to
replicate following transformation.
The strain of E. coli that was transformed was the XL 10 gold strand. Next,50
pL of E. coli was added into two vials. After the E. Coli were added, 0.2 pL of pure pmercanthoethanol was also added to the vials. The vials were then shaken every two
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minutes for ten minutes. This solution was then centrifuged, lOOngofthe plasmid was
added, and the solution was placed on ice for thirty minutes. Each transformation was
then heat-pulsed for forty-fi ve seconds in 42°C H:0. The 0.9 pL ofSOC was added to
each tube and the solution was incubated for an hour. The antibiotic-containing Petri
dishes that the transformation was placed on were then prepared and labeled. There was
growth found from the plates containing the double mutated plasmid, which is a plasmid
that has been mutated tw ice. This information is necessary in our experiment because in
plasmid pBR322 DNA (Fig. 1), cleavage sites for single-stranded DNA nucleases occur
in the promoter regions of DNA,as well as in promoters or terminators for ampicillinand tetracycline-resistance genes (37).
The plasmid contained in the bacteria is able to grow in the presence of the
antibiotic ampicillin. Therefore, it is ampicillin resistant. The transformation was plated
on a Luria Broth (LB) plus ampicillin plate. LB was composed of 10 g sodium chloride,
10 g of tryptone, 5 g of yeast extract, 20 g agar, and deionized H2O was added to a final
volume of 1 liter. The pH of LB Broth was set to 7.0(neutral pH)by adjusting the pH
with sodium hydroxide. The solution was then autoclaved to make sure that it was
sterile. Once the solution was cooled to 55°C, the antibiotic, ampicillin, was added. The
ampicillin that was used had a concentration of 10 mg/ml, and was formed by adding 0.5
g Ampicillin to 50 ml of H2O.
The colonies that appeared on the plate come from one cell. Two to three of these
colonies were carefully removed from the plates and placed into a 500 mL flask
containing LB and ampicillin. This solution was then put on the shaker for eight hours.
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The whole purpose of the transformation was to grow the bacteria in large amounts in
order to further purify the DNA plasmid using a mini- or midi- Qiagen Plasmid Prep.
Another technique that must be mentioned before describing the details of the
plasmid prep is centrifugation. Centrifugation is the process of separating the solid
component from the liquid component in a solution. In biochemistry, its purpose is to
isolate certain cells or macromolecules in large quantities. The centrifuge uses
centrifugal force (or g-force) in order to isolate the molecules from the solution.
The first step in the midi prep was pelleting 100 ml at 6,000xg for 15 min at 4
degrees Celsius. Next the bacteria were resuspended in solution and 4 mL of Buffer 2
was added. The solution was inverted and 4 mL of Buffer P3 was added. The solution
was then put on ice for 15 minutes. Afterwards, it was centrifuged at 20,000xg for 30
minutes at 4 degrees Celsius. It was necessary to centrifuge again in order to get a
supernatant.
Gel Electrophoresis
Gel electrophoresis is a technique to tell the size of DNA. Normally, an agarose
gel is made, which can separate DNA by sizes. Practical uses of the technique include
determining a person’s DNA “fingerprint”.
In the experiment gel electrophoresis was used in order to test whether or not the
relaxed DNA had turned into supercoiled DNA. One of the goals was to make
supercoiled DNA and compare its properties to the relaxed form of DNA. The plasmid
was purified using the Qiagen midi-plasmid prep.
A gel was prepared by adding 1 g of agarose, 2 mL 50x TAE,98 mL of water.
TAE buffer was made by mixing 242 g Tris, 100 mL of 0.5 M EDTA,and pH 8.0, 57.1
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mL acetic acid, and enough water to dissolve the solids. The 50x TAE buffer had a pH of
7.6. The solution was heated for 2 minutes in a 250 mL Erlenmeyer flask and the
solution was poured into the gel electrophoresis apparatus. A comb containing
protrusions was placed in the gel in order to create the wells where the DNA was placed.
There were ten wells. Once the gel had hardened, the plastic was removed and the wells
were intact.
Next lx TAE buffer was poured over the gel. The DNA was placed near the
cathode and moved toward the anode, since the phosphate groups in DNA make it a
negative molecule. There were ten lanes created. An electric field was placed on the gel
and the DNA moved toward the anode or the positive end of the gel. After the DNA
moved down the gel, the voltage was turned off. The gel was placed in a Tupperware
container and covered with S YBR green in order to stain the DNA. Next, the gel was
viewed through the use of UV light, using a Gel Doc apparatus,
The first gel that was run was to determine which nicking enzyme would be most
suitable for our experiment. The first lane contained 20pL DNA ladder and TE, 1 pL
DNA ladder, and 2 pL loading buffer. The second lane contain 5 pL pBR322 double
mutant, 2 pL buffer 4, 13 pL water and 2 pL loading buffer. The third lane contained 5
pL pBR322 double mutatnt, 2 pL buffer 2, 1 pL Nb.BcVCI, 12 pL water, and 2 pL
loading buffer. The fourth lane contained 5 pL PbR 322, 2 pL Buffer 4, 1 pL BbVCI. 12
pL water, and 2 pL loading buffer. The fifth lane contained 5 pL PbR322,0.2 pL SAM
2 pL Buffer 4, 1 pL BSG1, 11.8 pL water, and 2 pL loading buffer. The goal of each
lane was to determine the length of DNA alone, nicked DNA,linear DNA,and another
nicked DNA lane. The results of the Nb.BVCI can be seen below.
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Figures 14 (above) and 1 5(below); In figure 8 each of the purified DNA plasmid samples (1,2, and 3) were
measured to see if Nb.BbVCI and BbVCI were working appropriately. In lane one, which starts from the
left, was the DNA ladder. Lane two contains DNA plasmid 1 that had a concentration of 116.6 pg/ml.
Lane three contained the plasmid plus the nicking enzyme Nb.BbVCI. Lane four contained BbVCI which
linearizes DNA and the plasmid. The fifth lane contained the DNA 2 plasmid which had a concentration
of 78.05 pg/ml. The next lanes were in the same order as the first one the only difference was the
concentration of the enzyme.
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Legend:
I : Lane One
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The next step of the experiment was to wind DNA into the supercoiled form. In a
test tube, 10 pL double mutated pBR322,3 pL Nb.BbVCI,5 pL lOx NEB buffer 2 and
31 pL of distilled H2O was added. There was now a total volume of 50 pL. The solution
was incubated for 2 hours at 37 degrees Celsius. Next, it was taken out and placed in an
80 degrees Celsius water bath for twenty minutes in order to deactivate the enzymes. The
solution was diluted to 100 p L with water. Next, the solution was distributed into ten
microtubes. In each tube 2.8pg (0.5 pL)of PdC oligo was added and heated to 75
degrees Celsius. Subsequently, 100 pL of DNA 2x quick ligase buffer and 2 pL of DNA
Ligase was added to the solution. The samples were then treated with DNA gyrase in
order to supercoil the DNA. The samples were separated into two vials, each containing
40pL of the sample. A gel that contained no ethidium bromide was mn in order to get the
pure supercoiled DNA.
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Figure 1 6: The gel contains 5|.iL of gyrase in the first two lanes and only ligase in
lanes three and four. The DNA in the first two lanes is supercoiled but it did not
have enough time to finish. The solution w'as to allow' the gyrase to sit in the
solution for a longer period of time. Legend: 1 indicates lane one.

After the solution was made and incubated for the proper amount of time, it was
loaded into a low-melting-point agarose gel. The far left lane was cut off from the gel
and stained with ethidium bromide in order to determine where the supercoiled DNA was
located in the other lanes.
The supercoiled DNA was never collected due to some problems. First, the low
melting point gel had a tendency to break in half which ruined the gel. Another problem
was how long the procedure took to do and the availability of the supplies. Obtaining the
supercoiled gel in order to compare it to the relaxed form will be one of the next steps in
this project.
Circular Dichroisni
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Circular dichroism (CD)spectroscopy is a method that is used to detect the
difference between left and right polarized light. The instrument that is used to detect
this difference is called a CD spectropolarimeter. The difference between left hand and
right hand polarized light is a small amount, which requires the instmment to have a high
degree of accuracy,

This allows for the determination of the different forms of diverse

macromolecules such as peptides, proteins, and nucleic acids (34).
In order to understand the basics of how Circular Dichroism operates, it is
necessary to understand the fundamentals of linear polarization versus circular
polarization. Linearly polarized light must be converted into circularly polarized light
using a quarter wave plate. This plate adjusts the angle to forty five degrees turning the
linearly polarized light into circularly polarized light. This will allow the determination
of different forms of the macromolecule.
Circular Dichroism only works with chiral molecules. A chiral molecule is one
that is not super-imposable on its mirror image (34). DNA is the macromolecule that is
being analyzed and is a chiral molecule. Chiral molecules are optically active
compounds.
Becau.se of DNA’s specific three dimensional shape, it allows for easy analysis of
the differences between the same two macromolecules under different conditions. Even
though this was not done in this specific experiment, it is important to mention that the
most common determination that CD is used for is proteins. It can detect the secondary
structures of proteins with ea.se.
Of more importance to the experiment, the PdC has a distinct positive CD
spectrum between 300-400 nm and its shape and intensity is impacted by the
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conformation of the DN A helix (35, 36). Depending on the sequence context, a single
PdC residues shows almost a 2-foId increase in positive CD at 350 nm or shows a
dramatic change in the CD spectrum, depending on whether it is paired or unpaired. This
makes PdC an ideal probe for measuring localized helical structure of the DNA. Since
PdC is fluorescent, future work will use tluorescence detected CD(FDCD)to examine
the PdC in the helical DNA.

Conclusion
Although the experiment is not near completion (lacking plasmid data), from the lifetime
results and the emission and excitation spectra, there is much we can describe about PdC
in these systems. The lifetime values are primarily as expected, with the double-stranded
value being less than the single-stranded value. These results were expected because the
PdC in double-stranded DNA is quenched, whereas in the single-stranded DNA it is not
quenched. More experimentation with the oligonucleotides needs to be carried out by
adding salt to the double-stranded and single-stranded DNA. Due to the limited time,
these experiments were not completed.
While the circular dichroism was an important technique for evaluating the
spectral differences between ssDNA and dsDNA there was only limited time, and the
Fluorescent Detected Circular Dichroism would be a more efficient way of determining
the differences. Since our oligos contain a fluorophore, FDCD is the best method to use.
Much more needs to be done in regards to obtaining the supercoiled structure of
DNA for further experimentation. The supercoiled DNA was not able to be obtained due
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to time restraints. Also, since a low melting point gel was used it had a tendency to break
before the analyzation could be made. Considering that the comparisons between
supercoiled and the rela.xed form of DNA are vital to this experiment, these obstacles
should eventually be overcome.
In order for further studies to be accurate, it was first necessary to test the
fluorescence of DNA containing PdC in both single-stranded and duplex form. These are
ideal conditions for comparison with plasmids containing PdC. Since there was a change
in the fluorescence of the strands, it was determined that the neighboring bases did have
an effect on the tluorcscence. These results must be taken into account when examining
plasmids containing PdC. Once more is discovered about the change from duplex DNA
to single-stranded DNA, it may provide a way of targeting these structures with small
niolecules that may act as antibiotics and/or antitumor drugs.
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